Abstract. A •nodel of mantle convection which generates plate tectonics requires strain rate-or stress-dependent rheology in order to produce strong platelike flows with weak margins as well as strike-slip deformation and plate spin (i.e., toroidM motion). ttere, we exnploy a simple model of source-sink driven surface flow •o determine the form of such a theology that is appropriate for Earth's present-day plate motions. In this model, lithospheric motion is treated as shallow layer flow driven by sources and sinks which correspond to spreading centers and subduction zones, respectively. The source-sink field is derived fi'om the horizontal divergence of plate velocities and thus directly prescribes poloidal •notion. The toroidal fioxv field is solved through the non-Newtonian Stokes equat. ion for shallow la.yer tangential flow on the surface of a sphere. Two plate motion models a. re used to derive the source-sink field. The first is an idealized "square" plate which is used to explore the basic aspects of the model. The second is an analytica,lly continuous model of Earth's present-day plates (Bercovici and Wessel, 1994). As originally implied in the simpler Cartesian version of this model (Bercovici, 1993), the classical power law rheologies do not generate platelike flows as well as the hypothetical Whitehead-Gans stick-slip rheology (which incorporates a simple selflubrication mechanism). For the idealized plate geontetry, the power la.w rheologies yield much more diffuse strike-slip shear (i.e., radial vorticity) than the stick-slip rheology. For the present-day plate geometry, the power law rheologies fail to reproduce the original proportion of left-and right-lateral strike-slip shear, whereas the stick-slip rheology gives almost exactly the right proportion. None of the fluid theologies examined, however, produce more than approximately 60% of the original maxitnum shear. For either plate model, the viscosity fields produced by the power law rheologies are diffuse, and the viscosity lows over strike-slip shear zones or pseudo-margins are not as small as over the prescribed convergent-divergent margins. In contra,st, the stick-slip rheology generates very platelike viscosity fields, with sharp gradients at the plate boundaries, and margins with almost uniformly low viscosity. Quantitative comparisons with lhe toroidal-poloidal kinetic energy partitioning and vorticity fields of the original plate model are also examined, a.nd the stick-slip rheology is generally found to yield the most favorable comparisons. Power law rheologies with high viscosity contrasts, however, lead to almost equally favorable comparisons, though these also yield the least platelike viscosity fields. This implies that the magnitude of toroidal flow and platelike strength distributions are not necessarily related and thus may present independent constraints on the determination of a. self-consistent plate-mantle theology. The results of this study, however, predict that if such a rheology can indeed be uniquely determined, it is likely to be in the class of stick-slip, self-l•brica.ting theologies.
involves convergence and divergence (called poloidal flow) and is common to all classical forms of convection. It is associated with upwellings and downwellings and provides the mechanism through which gravitational energy (or heat) is released. However, an almost equal a. mount of motion is generated which is unseen in most forms of thermal convection and seemingly accomplishes little apart from dissipating energy; this motion is called toroidal flow and represents strike-slip shear and plate spin [Hager and O'Conneil, 1978 , 1981 Olson and Bercovici, 1991] These enigmatic features of the plate tectonic form of mantle convection are typically assumed to arise from Earth's complicated deformation mechanisms, i.e., theology [Kaula, 1980] . Indeed, as the flowing mantle becomes a tectonic plate, it goes from displaying largely fluid behavior to nonfluid behavior such as both continuous (plastic) and discontinuous (brittle) failure. The rifting of the surface at spreading centers is most probably forced by subducting slabs at great distances and this requires nearly rigid stress guides. Moreover, the existence of toroidal motion in the mantle's creeping style of convection is only mathematically assured in fluid wldch allows lateral variations in viscosity [e.g., Chandrasekhor, 1961; Kaula, 1980; Uhristensen and liarder, 1991] .
To obtain a unified theory of plate tectonics and mantie convection, it is of primary importance to determine a plate-mantle rheology which allows plate tectonics to arise self-consistently from a convecting mantle. Given the very nature of plates (with strong, slowly deforming interiors and weak, rapidly deforming margins), the strength or viscosity of the plate-mantle material must be dependent on the deformation rate and hence the velocity field. Candidate rheologies have either viscosities dependent on temperature (which, through convection, is itself a nonlinear function of velocity) and/or are non-Newtonian wherein viscosity is explicitly stress-or strain rate-dependent.
In this paper, we seek the rheology •vhich interacts with the so-called convective part of the plate velocity field, the divergent or poloidal field, to yield (1) the nonconvective or toroidal (strike-slip and spin) field and (2) platelike strength (or viscosity) distributions. Our theoretical •nodel is composed of a shallow fluid layer (the lithosphere) driven by sources and sinks; these are derived from the plates' divergent-convergent motion and thus represent spreading centers and subduction zones, respectively. The theologies we examine are not limited to classical mantle-silicate rheologies [e.g., Weertman and Wcertman, 1975 This paper is the cmnpanion study to an earlier paper which examined this problem with an idealized Cartesian model [Bcrcovici, 1993] . Here, we present the spherical version of the model and incorporate presentday motions of Earth's tectonic plates.
Theory
The essence of the non-Newtonian source sink model with consideration for model assumptions is discussed by Bercovici [1993] . We summarize the salient points 
The fluid is assumed incoInpressible (i.e., V.E --0, where v is the complete velocity vector), and although by Dmax -maxIDI; v_ by RDmax; (I) and ß by R2Dmax; and tl by a reference viscosity r/o, we obtain (after some manipulation and use of (7))
where L 2 -_•7•t; note that radial derivatives are eliminated through (7), leading to the factors of L 2-2. The last term on the left side of (9) can be reduced, and portions involving first order derivatives in r/can be combined with the second and third terms (see the Cartesian analog of Bercovici [1993] 
is the second strain rate invariant, and the strain rate (Figure 1) . We call the self-lubricating theology with n = -1 the Whitehead-Gans (WG) theology as it was proposed by Whitehead aud Gans [1974] to be a continuum model of stick-slip behavior. Figure I shows stress and viscosity versus strain rate for the WG and several power law rheologies. In this study we consider power law rheologies up to n = 21 to demonstrate asymptotic behavior. The viscosity plot in Figure 1 shows the WG and the n = 21 cases with 7 adjusted such that they have identical maximum viscosities and similar minimum viscosities. Although these two cases have comparable viscosity contrasts, the dissimilarity between their viscosity curves plays a crucial role in the problem of [)late generation. GENERATION 
where r/max is the maximum viscosity. This separation scheme has been shown to facilitate nmnerical stability [Christensen and Harder, 1991 ]. An approximate solution to (9) is obtained with a spectral transform technique similar to that of Glatzmaicr [1984] . (16) The calculation of the nonlinear terms on the rigtit side of (16) [Tozer, 1985; Kaula, 1990] . A natural avenue for work on plate generation is therefore to incorporate more physically based self-lubricating mechanisms into a nonlinear rheology. The source-sink fornmlation employed in this study and by Bertoriel [1993] yields perhaps the simplest possible rnodel of toroidal flow generation (since the poloidal flow is entirely specified). The geometry of the sources and sinks, however, tends to overconstrain the plate formation problem; i.e., the plate geometries are at least 50% prescribed by the source-sink field; thus the formation of plates is not completely self-deterrnined by the fluid dynamics. A more self-consistent formulation (short of accounting for underlying mantle flow as by Ribe [1992] If tractable, these rhealogical and kinematic extensions of the model (to essentially incorporate more selfconsistent physics) will be the next step to finding how plate tectonics arises from mantle dynamics as a selfdetermined, self-organizing structure.
